A B S T R A C T Antarctic ice cores preserve the record of past aerosols, an important proxy of past atmospheric chemistry. Here we present the aerosol compositions of sulphate and chloride particles in the Talos Dome (TD) ice core from the Holocene and Last Glacial Period. We find that the main salt types of both periods are NaCl, Na 2 SO 4 and CaSO 4 , indicating that TD ice contains relatively abundant sea salt (NaCl) from marine primary particles. By evaluating the molar ratio of NaCl to Na 2 SO 4 , we show that about half of the sea salt does not undergo sulphatisation during late Holocene. Compared to in inland Antarctica, the lower sulphatisation rate at TD is probably due to relatively little contact between sea salt and sulphuric acid. This low contact rate can be related to a reduced time of reaction for marine-sourced aerosol before reaching TD and/or to a reduced post-depositional effect from the higher accumulation rate at TD. Many sulphate and chloride salts are adhered to silicate minerals. The ratio of sulphate-adhered mineral to particle mass and the corresponding ratio of chloride-adhered mineral both increase with increasing dust concentration. Also, the TD ice appears to contain Ca(NO 3 ) 2 or CaCO 3 particles, thus differing from aerosol compositions in inland Antarctica, and indicating the proximity of peripheral regions to marine aerosols.
Introduction
Aerosols are of central importance for atmospheric chemistry and physics, the biosphere and climate (Po¨schl, 2005) . Atmospheric aerosol particles in the free troposphere have a strong influence on direct and indirect radiation effects in the Earth's atmosphere (Andreae, 1995) . The primary parameters that determine the environmental effects of aerosol particles are their concentration, size, shape, structure and chemical composition (Po¨schl, 2005) . These parameters, however, are spatially and temporally highly variable due to the aerosol having multiple sources. For example, primary aerosol particles are formed by the disintegration of bulk material on the Earth's surface (e.g. marine biota, sea salt and dust), whereas secondary aerosols are produced by chemical reactions in the atmosphere.
Antarctic ice cores preserve past aerosols, which are important proxies for past atmospheric chemistry (Legrand and Delmas, 1988; . Most of the more detailed information on aerosol deposition in Antarctica on glacialÁinterglacial timescales stems from ice cores drilled on the Central East Antarctic Plateau (CEAP), including Vostok (Petit et al., 1999) , EPICA Dome C (EDC) (Wolff et al., 2006; Lambert et al., 2008) and Dome Fuji (DF) Watanabe et al., 2003) . These interior sites have similar snow accumulation rates; moreover, for the insoluble dust, they also have similar sources, similar depositional fluxes and similar changes in magnitude over glacialÁ interglacial cycles (Delmonte et al., 2004a (Delmonte et al., , 2004b . For soluble salts, the DF region of CEAP shows that the main salt components depend on the climate conditions. In warm periods, the main component is sodium sulphate, but in cold periods, they are sodium chloride and calcium sulphate (Iizuka et al., 2012a) . In the present (late Holocene) climate, the most common aerosols in CEAP come from sea salt (sodium chloride) and marine biological activity (methansulphonic and sulphuric acids) in the Southern Ocean. These compounds then combine in the atmosphere to form sodium sulphate (Legrand and Delmas, 1988; . In the DF region, more than 90% of the initial sea salt becomes sulphatised in the first year after being precipitated (Iizuka et al., 2012b) , indicating that almost all soluble salt in DF Holocene ice came from secondary aerosols.
On the other hand, the contribution of secondary aerosols to the total soluble aerosols probably differs in the Antarctic peripheral regions. Peripheral regions are located near the southern oceans, where marine aerosols (sea salt and biological activity) are likely to remain as primary aerosols and not undergo chemical reactions. To better understand past atmospheric chemistry throughout Antarctica, we also need to study the soluble salts in these marginal areas of the plateau.
Talos Dome (72848?S, 159806?E, 2315 m a.s.l.), hereafter TD, is a peripheral dome located in the South Pacific/Ross Sea sector of the East Antarctic Plateau (http://www. taldice.org/), drilled by the Talos Dome Ice Core drilling project (TALDICE). The uppermost 1550 m of the 1620-m deep TALDICE ice core provides a continuous record of paleoclimate for the Ross Sea sector of East Antarctica, covering the past 250 000 yr . Because of the geographic location of the drilling site, there is a relatively high average snow accumulation rate of 80 kg m (2 yr (1 at present Schu¨pbach et al., 2011) . Compared to CEAP sites such as Dome C, the insoluble dust flux variability at TD during the last glacialÁ interglacial climate transition was considerably smaller in magnitude and decreased over the last 8Á9 kyr (Albani et al., 2012) . The different magnitude of dust flux variations and complementary geochemical evidence (Delmonte et al., 2010a (Delmonte et al., , 2010b (Delmonte et al., , 2013 indicate that the dust sources and the dynamics of atmospheric transport differ between the two sites, at least during the Holocene. Such specific behaviour of mineral dust at TD, mostly related to the atmospheric and climate history of the Western Ross sea embayment, also suggests that soluble salts in the TD region may reflect a different environmental history than the CEAP sites. For example, Sala et al. (2008) detected the presence of calcium carbonates such as calcite (CaCO 3 ), monohydrocalcite (CaCO 3 ×H 2 O) and ikaite (CaCO 3 ×6H 2 O). Although the hydrous carbonates at TD, such as ikaite, likely originate from the sea ice surface (e.g. Sala et al., 2008) , the calcite probably originates from terrestrial materials of local origin. In contrast, calcite is rarely found at inland sites such as DF (Kawamura et al., 2003; Iizuka et al., 2008) .
Here, we present the compositions of soluble particles in TD ice core samples from several periods during the Holocene and Last Glacial Period (LGP), focusing on sulphate and chloride salts. Our particle extraction method involves ice sublimation (Iizuka et al., 2009 ). We then discuss the characteristics of soluble salts at the TD region from the LGP through the Holocene.
Experimental method
The TD samples were transported in the frozen state from the Milano-Bicocca cold-storage facility to a cold laboratory at the Department of Physical Geography and Quaternary Geology, Stockholm University (Sweden). There, they were preserved at temperatures of (258C, which is below the eutectic temperatures of sodium sulphate, calcium sulphate and sodium chloride salts. We selected five samples from the Holocene, specifically three from the Late Holocene (2.7 kyrBP) and two from the Early Holocene (8.2 kyrBP), and six samples from the LGP, three of them dating around 27.1 kyrBP, which is near the Last Glacial Maximum (LGM), and the other three samples around 50.6 kyrBP . The dating uncertainties are less than 0.3 kyr . The accumulation rates were about 6.8, 5.9, 3.2 and 5.7 cm/ year for the four time periods 2.7, 8.2, 27.1 and 50.6 kyrBP . According to Albani et al. (2012) , the concentration of dust particles of diameter 1Á5 mm varied between periods and even during a period. For example, in the 8.2-kyr sample of the Holocene, the dust concentration was 67.4 ppb, which is much higher than the 7.0 ppb of the later Holocene sample at 2.7 kyr (Albani et al., 2012) . The early Holocene was also colder than the later Holocene. On the other hand, the LGP dust concentrations were larger on average, being 179.2 ppb at 27.1 kyr and 81.1 ppb at 50.6 kyr.
For the aerosol-particle analysis, we pulverised a 1-g ice sample from the bottom 5-cm depth of each sample and sublimated the ice on a polycarbonate filter at (408C using clean, dry air (Iizuka et al., 2009 ). The 5-cm thickness corresponds to 0.6 yr if we use the accumulation rate of 8 cm/yr of the late Holocene, or to 1.7 yr if we use the 3 cm/ yr of the LGM . The sublimation removes volatiles such as H 2 O, HCl, HNO 3 and H 2 SO 4 . We sublimated 11 filter samples (Table 1) at Stockholm University and analysed them using scanning electron microscopy/energy dispersive spectroscopy (SEM-EDS:
at the Institute of Low Temperature Science, Hokkaido University (Japan). Each filter yielded several hundred particles exceeding 0.4-mm in diameter, making a total of 4891 particles such as those shown in Fig. 1 . Using SEM-EDS at 20 keV, we determined the levels of O, Si, Al, S, Cl, Na, Mg and Ca. The SEM-EDS method cannot accurately detect light elements such as C and N; moreover, C is contaminated from the polycarbonate filter.
To determine the sulphate, chloride and mineral components, we used the scheme in Iizuka et al. (2009) for identifying the non-volatile particles and separating the non-volatiles into soluble and insoluble components. Particles containing Si were assumed to have silicate material. About 99% of the S and Cl in the non-volatile particles are from soluble materials. As the sublimation removed the HCl and H 2 SO 4 , the S and Cl in the nonvolatile particles were then assumed to be from sulphate and chloride salts. After considering the possible remaining compounds, we could assume that Na and S in a given particle came from Na 2 SO 4 , whereas Na and Cl came from NaCl. In a similar way, Ca and S came from CaSO 4 , Mg and S from MgSO 4 , Ca and Cl from CaCl 2 , and Mg and Cl from MgCl 2 .
We calculated the molar ratios of Na 2 SO 4 to NaCl, CaSO 4 to Na 2 SO 4 following the method described in Iizuka et al. (2012a) . To determine m NaCl , the mass of NaCl, we used our measure of m Na and m Cl to determine the number of ions N of each component. Then we assumed that the number of NaCl molecules equalled the minimum of N Na and N Cl . We followed the same method for the Na 2 SO 4 and CaSO 4 salts. For reasons discussed in the next section, we included m MgSO 4 with m Na 2 SO 4 and m MgCl 2 with m NaCl . The molar ratios were reproducible (twice-measured on the same filter) when we excluded particles with diameters exceeding three standard deviations above the average diameter. Such huge particles were excluded from the molar calculations. photomicrographs and elements of typical particles in the filter samples. (a) Sodium sulphate from sample number 226_b1 (see Table 1 for depth of each sample). (b) Calcium sulphate from sample 1193_b1. (c) Sodium chloride from sample 1195_b1. Filters are 13-mm in diameter, made from polycarbonate, with a pore size of 0.4 mm (Advantec, K040A013A). All filters were coated with platinum for 30 s with a thickness of 10 nm using magnetron sputtering (Vacuum Device, MSP-10). The images were taken with the following settings: scanning time 80 s; space resolution 1280 )960 pixels; spot size 45.
Results and discussion
3.1. Comparison of number and molar ratios of Na 2 SO 4 to NaCl, CaSO 4 to Na 2 SO 4. Figure 2 shows the molar and number ratios of Na 2 SO 4 to NaCl and the same for CaSO 4 to Na 2 SO 4 for the 11 samples. For each set of compounds, the molar ratio nearly equals the number ratio. Thus, one can use the number ratio to estimate the molar (or mass) ratio of these compounds. The main factors that influence the calculated number and molar ratios are the atomic ratio and diameter of each particle. Therefore, the equality of the two ratios may be due to the averaging over all the particles on a given filter sample.
Comparison of chemical components of soluble particles between Holocene and LGP in TD and DF ice cores
The number fractions of particles containing sulphate and/or chloride salts in the 11 samples average 0.624 (i.e. 62.4%) of the total particles (Fig. 3) . No significant difference occurs between the stages at 2.7, 8.2, 27.1 and 50.6 kyrs. This suggests that sulphate and chloride salts are the main soluble aerosols of TD ice. Also, the relationship with dust concentration (Fig. 4) shows no significant difference between the four stages, which indicates that the number fractions are probably independent of climate during the last 50 kyr.
On the other hand, the number fraction of particles containing silicate minerals increases with increasing dust concentration, as shown in Fig. 4 . This means that a higher contribution of dust (Si) to total particles occurs at higher dust concentrations. At 2.7 yr (early Holocene), about 75% of the particles contain dust, but at 27.1 kyr (LGM), the percentage rises to about 90%.
We now examine the number fraction of sulphate particles adhered with dust to total sulphate particles, or the sulphate coexistence ratio, and the corresponding ratio for chloride. Both such ratios increase with increasing dust concentration, with similar values (Fig. 5 ). In particular, at 2.7 kyr, about 50% of the sulphate particles (top) and chloride particles (bottom) adhere to dust, but at 27.1 kyr, the percentage rises to about 80%. The linear relationship may be useful for estimating how many insoluble dust particles potentially act as cloud condensation nuclei.
The averaged number fraction (i.e. percentage of particles) of sulphate and chloride compounds for each stage is shown in Fig. 6 . Of the soluble sulphate and chloride salts, NaCl and Na 2 SO 4 are the main salts, with NaCl contributing about 30% to the total chloride compounds and Na 2 SO 4 contributing a similar amount to the total sulphate. This suggests that sodium compounds contribute about 60% to the total sulphate and chloride compounds. These numbers suggest that the main soluble aerosols of NaCl and Na 2 SO 4 may be due to the nearby sources of sea salt and sulphuric acid. The salt content in the TD core differs from that in DF, particularly for the Holocene. For the Holocene (2.7 and 8.2 kyr), the TD ice has many NaCl particles, whereas DF has few (Iizuka et al., 2012a (Iizuka et al., , 2012b .
Amount of sea-salt sulphatisation at low dust concentration during the Holocene
The main characteristic of soluble aerosols in TD ice is the high contribution of sea salt (NaCl), even during the Holocene. Here, we quantify the amount of sea salt unaffected by sulphuric acid.
To examine the amount of NaCl unaffected by H 2 SO 4 , we compare the molar concentrations M NaCl and M Na 2 SO 4 . The top of Fig. 7 shows the molar ratio of M NaCl to M Na 2 SO 4 . Although the dependence on dust concentration shows no significant trend, the molar ratio of most samples exceed one, suggesting M NaCl M Na 2 SO 4 . On average, this ratio at 2.7 kyr with 7.0 ppb of the lowest dust concentration is 1.53 (from 0.34 to 2.17 in each sample). Using the ratio of 1.53 (0.34Á2.17), together with the scheme described in Iizuka et al. (2012b) , we calculate how much of the sodium chloride was sulphatised. In the scheme, we also use the molar ratios of NaCl to Na 2 SO 4 in open seawater (14.7) and in sea ice (39.8). The molar ratios tend to decrease due to sea-salt sulphatisation during transportation from the Southern Ocean to Antarctica.
The scheme can be adapted if Na ' and Cl ( originate only from sea salt (Iizuka et al., 2012b) . However, ice from the cold stage has a high dust concentration, and thus contains a certain amount of non-sea-salt soluble sodium (Bigler et al., 2006 is 39.8k (mol). Similarly, if the rate of [Na 2 SO 4 ] production is n (mol), then the amount of [NaCl] that must react is 2n (mol). This notation leads to the following expression:
Solving this equation yields n 010.8k (mol). In both cases of open seawater and sea ice, the average ratio shows that about half of the sea-salt particles are preserved in TD Holocene ice as marine primary aerosols. Compared to DF surface snow, which has about 90% of sea salt sulphatised (Iizuka et al., 2012b) , sea salts reaching the depths of TD ice are less affected by secondary aerosol formation in the atmosphere.
A reason for the difference may be related to the higher dust contribution in TD ice than that at DF and other sites further inland (Albani et al., 2012) . The argument goes as follows. The dust contribution has a fluctuation that correlates well to that of calcium-ion concentration (Wolff et al., 2006) . And the calcium ion in ice promotes calcium sulphate formation (Sakurai et al., 2011) , which restrains the sea-salt sulphatisation. The result would cause high NaCl and low Na 2 SO 4 (Ro¨thlisberger et al., 2003) . In support, we find a positive relation between the number fraction of NaCl particles and dust concentrations (ppb) (Fig. 7) . In this way, the higher dust concentration at TD may help explain the greater preservation of NaCl at TD. Although this can be adapted for 8.2 kyr (and for colder stages such as 27.1 and 50.6 kyrs) in TD ice, it does not apply to the 2.7-kyrBP ice, which has lower dust concentrations that more nearly equal those further inland.
Ion concentrations of Ca 2 ' , Na compared with Na ' in equivalent concentration. If the ion-deducing method of soluble-salt concentration (Iizuka et al., 2008) is applied, almost all snow at both sites contains Na 2 SO 4 but not NaCl. This deduced salt concentration contrasts with the result of the molar ratios of NaCl to Na 2 SO 4 (1.53 on the average) at TD 2.7 kyr, although this agrees well with the soluble-salt composition at DF. If we assume that the 2.7-kyr ice has the same ion balance among Ca 2 ' , Na ' , Cl ( and SO 2À 4 as that in the surface snow, the above implies that the TD 2.7-kyr ice has an unstable condition for sea-salt sulphatisation. The unstable condition is probably due to a relative lack of contact between NaCl particles and H 2 SO 4 acid.
Concerning the low sulphatisation in the 2.7-kyrBP TD ice, the analyses suggest that the NaCl particles had less contact with H 2 SO 4 acid than particles reaching regions further inland such as DF. The simplest explanation is pre-depositional: the marine-sourced aerosol has less time to react before reaching TD. However, there are postdepositional factors to consider as well. The higher accumulation rate at TD leads to less sublimation of snow and acid at the surface snow than that at DF (Kameda et al., 2008) . Less snow sublimation means that less H 2 SO 4 and NaCl migrate from the inside to the surface of the snow crystals, thus providing less chance of contact between the acid and salt. On the other hand, the higher snow temperature at TD should promote the diffusion of H 2 SO 4 in snowpack and increase the surface-snow sublimation rate. Which process most affects snow sublimation is presently unknown. Nevertheless, the possible mechanisms that increase the NaCl-particle survival are the shorter time to react before reaching TD and the lower sublimation of snow and acid. Both pre-depositional and post-depositional factors may play a role.
Soluble calcium composition in TD ice core
We now consider calcium compounds. Just 2.93% of the particles in all 11 TD samples are both categorised as 'other', meaning without S and Cl, and also do not have Si (i.e. the red and blue sections of the 'other' bar in Fig. 3 ). Within this category, 80.6% of the particles had Ca but did not contain Al, S, Cl, Na and Mg (blue bars in Fig. 2 ). Unless they contain both Al and O, these Ca particles are probably soluble solid material (Iizuka et al., 2009 ). Such soluble Ca-compounds are assumed to be calcium nitrate or calcium carbonate (Iizuka et al., 2008) because the EDS method poorly detects light elements such as C and N. Thus, calcium nitrate or calcium carbonate may be preserved in the TD ice sample. This result supports the finding of Sala et al. (2008) detected in TD ice. Due to a high calcite loss by sulphatisation during long-distance transport (Iizuka et al., 2008) , local rock outcrops at high elevation in the Transantarctic Mountains (e.g. Francis and Hill, 1996) may be a potent source of calcite in TD ice.
Conclusion
We used the sublimation method (Iizuka et al., 2009 ) to examine about 5,000 particles of non-volatile aerosols in the TD ice core. The main soluble salts were NaCl and Na 2 SO 4 , indicating that the TD ice contains many primary aerosols consisting largely of sea salts. According to the evaluation of molar ratio of NaCl to Na 2 SO 4 , about half of the Holocene sea-salt did not undergo sulphatisation at 2.7 kyrBP. One possible reason is that the marine-sourced aerosol has less time to react before reaching TD compared to inland Antarctica. Another possible reason is that higher accumulation rates at TD reduces the snow sublimation rate, leading to less exposure of non-volatile materials (acid and salt) at the surface snow. Colder stages of 8.2, 27.1 and 50.6 kyrs in TD ice have higher dust contributions in TD ice. The dust (calcium ion) in ice restrains the sea-salt sulphatisation. Thus, colder stages have an additional mechanism for producing relatively high NaCl and low Na 2 SO 4 levels.
Dust concentration shows a positive correlation with a number of variables we have derived from our measurements: the ratios of (1) Si-containing to total particles; (2) S-and Si-containing to S-containing particles; (3) Cl-and Si-containing to Cl-containing particles; and (4) NaCl to total particles. Because of relations (2) and (3), one may use the dust concentration to estimate how many insoluble dust particles have the potential of acting as cloud condensation nuclei. Because of relation (4), the dust concentration may be useful for estimating the sea-salt contribution to the total soluble and insoluble aerosols. Also, in particles without Si, S and Cl, most had detectable levels of only Ca (or only Ca and O), implying that the TD ice contains soluble Ca-materials such as calcium nitrate and calcium carbonate.
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